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TURBULENT CONVECTIVE HEAT-TRANSFER COEFFICIENTS MEASURED
FROM FLIGHT TESTS OF FOUR RESEARCH MODELS (NACA RM-10)
AT MACH NUMBERS FROM 1.0 TO 3.6

By Leo T. Chauvin and Joseph P. Maloney
SUMMARY

Convective heat-transfer coefficients have been evaluated from skin
temperatures messured along the body of a research model designated
NACA RM-10. The general shape of the body is a parabola of revolution
of -fineness ratio 12.2.

Heat-transfer data are presented for a Mach number range of 1.0

. to 3.6 and for a Reynolds number range of 6 X lO6 to 150 X lO6 based on
axial distance from the nose to the point at which the temperature meas-
urements were made.

The heat-transfer date are presented as the Nusselt number divided
by the cube root of the Prandtl number, expressed as a function of
Reynolds number. The data from four flight tests are in agreement with
the equation for turbulent heat-transfer measurements which was derived
from previous flight tests of two RM-10 models.

The heat transfer is also correlated with a compressible-flow theory
for turbulent heat transfer which uses the boundary-layer thickness as
the length parameter in the Nusselt and Reynolds numbers. The data were
also in agreement with thils theory.

Thé measured recovery factors were lower than those predicted by
theory for turbulent boundary layer.

The relationship of heat transfer to skin friction was investigated
by comparing the heat transfer of the present investigation with the
measured skin-frictlion results obtalned from additional f£light tests
of this model.
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TNTRODUCTTION

The theory of aerodynamic heating for a turbulent boundary layer at
supersonic speeds is as yet in.its formative stage. A need exists for
experimental measurements under full-scale, free-flight conditions to aid
in the development of theory as well as provide design data for supersonic
alrplanes and guided missiles. Most experimental heat-transfer investi-
getions have been done in wind tunnels utilizing steady-state conditions
and low stagnation temperatures (for example, refs. 1 and 2); however,
some experimental work has been done in free flight for transient condition
along a trajectory (for example, refs. 3 and 4). Flight tests provide
high adiabatic wall temperature (or large forcing function); this makes
the corrections for radiation and conduction along the body small compared
with the large heat flow from the boundary to the skin. The results pre-
sented herein are an extension of the data shown in reference 4 for higher
Mach numbers and different Reynolds number.

In order to obtain heat-transfer coefficients at high Mach numbers,
messurements of skin temperatures have been made in flight tests conducted
by the National Advisory Committee for Aeronautics on a parabolic body
of revolution of fineness ratio 12.2. The model, known as the NACA RM-10,
was rocket powered and fin stabilized. The tests were made at the Pllotless
Alrcraft Research Station at Wallops Island, Va.

The Mach number range covered in these tests was approximastely 1.0 to
3.6. The Reynolds number range based on free-stresm conditions and dis-
tance along the axis of the model from the nose to the measurement station
was epproximately 6 X 106 to 150 X 106. Heat=transfer data are presented
for flight tests from four models.

SYMBOLS
A surface area, sq ft ‘
M Mach number
A velocity, f£t/sec
by local aerodynamic heat-transfer coefficient,
Btu/(sec) (sq £t) (°F)
t time, seconds from start of flight

p specific heat of air at constant pressure, §EEé%lE§
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density of air, slugs/cu £t

thermal conductivity of air, Btu/(sec)(sq f£t)(CF/ft)

wall thickness, ft
viscosity of air, slugs/ft-sec

Btu/1b
specific heat of wall material, —oF

distance from the nose along the axis of the body, ft

density of wall material, 1b/cu £t

temperature, °r
Nusselt number, dimensionless, hel/k
Stanton ‘number, dimensionless, he/chV

Prandtl number, dimensionless, CPH/k

Reynolds number, dimensionless, S
recovery factor

dimensionless perameter (ref. 12)
boundary-layer thickness, f£%

Reynolds number, dimensionless, pvﬂ&b/hv

Nusselt number, dimensionless, hes/kv

average skin-friction coefficient

axial dlstance along model from maximum-diemeter station, in.
radius of model, in.

emissivity of polished magnesium, 0.38

‘emissivity of oxidized magnesium, 0.80

W
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€p emissivity of oxidized aluminum, 0.18

o Stefan-Boltzmann constant, 0.483 x 10712 Btu/(sec)(sq ft) (°R)”

0 flight-path angle, deg

Subscripts:

o undisturbed free stream shead of model

v outside the boundary layer

8 isentropic stagnation

aw adiabatic wall

W condition of materisl pertalning to the skin of the test
vehicle

Tr condition of material pertaining to the wall of the rocket
motor

i incompressible

TEST VEHICLES

The general configuration of the RM-10 test vehicle is shown in
figure 1. The body is basically a parabola of revolution having a maxi-
mum diameter of 12 inches and a fineness ratio of 15; however, the stern
wvas cut off at 81.3 percent of full length to allow for the installation
of the rocket motor. This resulted in an actual fineness ratio of 12.2.
Four untapered stabilizing fins were equally spaced around the afterbody.
They were swept back 60° with a total aspect ratio of 2.04 and had a
10-percent-thick circular-arc cross section normal to the leading edge.
The design was chosen to attain a high degree of stability which insured
testing near zero angle of attack.

The RM-10 test vehicle was-designed for heat-transfer iInvestigation.
This was accamplished by minimizing the internal structure by maintaining
sea-level pressure within the model during the flight. Figure 2 shows
the internal construction of the models. The models were all metal and
utilized spun magnesium-alloy skins. The thickness of the skin for each
station at which temperature measurements were made is shown in table I.
The surface roughness of the models was less than 60 microinches from
peak to valley as measured by a Brush surface anelyzer with a stylus of
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0.0005-inch radius. The case of the rocket motor in the model has &
temperature rise of approximately 50° F; estimates were made and it was
Pound that this rise was not sufficient to affect the accuracy of the
temperature measurements. Figure 3 is a photograph of the model and
booster configuration on the launcher. The model is propelled by a two-
stage propulsion system, the booster forming the first stage and the
rocket motor within the model forming the second stage.

INSTRUMENTATION

Skin-temperature measurements were made by means of resistence-type
thermometers cemented to the inner surface of the skin. These thermometers
were made of fine platinum wire 0.0002 inch in diameter. Reference 5
gives a complete description and development of the temperature pickup.

The trajectory of the models was measured with an NACA modified

SCR 584 radar theodolite and the flight velocity by a CW Doppler radar
gset as described in reference 6. Measurements of the atmosphere at the
time of the tests were made with a standard radiosonde whose eltitude
was measured with the SCR 584 radar theodolite. A longitudinal acceler-

- ometer within the model was employed to extend the veloclty measurements
beyond the range of the Doppler radar. Data from the accelercmeter and
from the resistance temperature pickups were telemetered to a ground
recelving station during the whole flight.

METHOD AWD TESTS

The model was boosted to a Mach number of approximetely 1.5 by a
booster consisting of two 6.25-inch ABL Deacon rocket motors which sepa-
rated from the model after burnout. A period of coasting followed, after
which the 6.25-inch Deacon rocket motor carried internally in the model
ignited and propelled the model to a Mach number of approximately 3.6.

As a result of this staging arrangement, higher Mach numbers than those
presented in reference 4 were obtalned. The Deacon motors are described
in reference T.

The transient conditions of the test vehilcles were particularly
sulted for obtaining aerodynamic heating and heat-transfer data because
of the large heat flow to the body compared with other heat losses such
as radiation and conduction along the body. The skin temperatures were
continuously recorded by the resistance-type pickup and telemetered to
a ground recelving station during the flight. From these data and from
radiosonde observations, radar tracking, and the thermodynamic properties
of the air and the skin, the heat-transfer coefficients were calculated.

.\‘§Xlw
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The variation of Reynolds number per foot with Mach number, based
on free-stream conditions, is shown in figure 4 for models A, B, C,
and D.

Heat-transfer datse for transient conditions at high Mach numbers
such as were encountered during the flight tests of these vehicles 1s
determined by msking the following heat balance:

T .
i TWAI- = = ey 'Ef_w' (1)
ol (Y -3

The first term is the heat convected from the boundary layer to
the skin. The radiation from the model to the atmosphere is gliven by
the second term. The third term 1s the heat radiated from the internal
surface of the model to the rocket motor by the method of reference 8.
The heat sbsorbed by the skin is the right-hand side of the equation.
The solar heat transfer was omitted because for the worst condition it
had less than 2 percent effect on the heat-transfer coefficient. The
thermodynamic properties of the air obtained from reference 9 were
employed in reducing the data and are shown in figure 5. The specific
heat of magnesium shown in figure 6 was obtained from reference 10.
Every term in equation (1) is Xnown except the adisbatic wall temper-
ature T, end-the heat-transfer coefficient hg. In order to obtain

Tows it is first necessary to determine the recovery factor.

Bty (T = T,) = Agoer T, - A0

The recovery factor is defined as the ratio of stagnation rise to
the temperature just outside the boumdary layer attained by an insulated
wall. As the stagnation temperaturée outside the boundary laeyer is con-
stant throughout the flow, the recovery factor may be written as

Taw -~ Ty .
RF = ¢+ 2
T (2)
If radiation and conduction were absent at the peak of the skin

temperature, no heat would be transferred and the skin temperature and
adiabatic wall temperature would coincide. For these tests, conduction
along the skin was found to be negligible but radiation had a maximum
ePfect of 2 percent on the recovery factor. To account for this, equa~
tion (1) was solved for Toyw - T, by assuming a value for the heat-

transfer coefficient for the time of peak temperature.

By assuming that the measured recovery factor was constant through-
out the flight, the adiabatic wall temperature was calculated for any

——
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time throughout the flight by resolving equation (2), where
] T = RF(TS - Tv) + T,

The static and stagnation temperatures are known throughout the flight.

The heat-transfer coefficient is then calculated by resolving
equation (1), where

ATy,
cw7wwdt+0€lTw +L+.A‘_I'.(_1_._l)
b, = : A ()

and all other terms are as explained previously.

RESULTS AND DISCUSSION

Recovery Factor

Figure 7 presents the variation of skin temperature with time for
a typical temperature measurement station. The skin temperature starts
to increase during the boosting period and reaches a first maximum of
approximately 150° F during the first coasting period. At 15 seconds,
‘the sustainer rocket motor is ignited and thrusts for approximately
3.5 seconds, during which time the skin temperature starts to rise rap-
idly. A second peak temperature occurs at approximately 22.5 seconds,
followed by a gradual decreasse in skin temperature with time. At these
peaks of skin temperature, the effects of surface conduction were calcu-
lated and found to be negligible. 'The measured skin temperature at the
peak corrected for radiation 1s then equal to the adiasbatic wall temper-
ature, and, since the static and stagnatlion temperatures are known, the
recovery factors can be calculated.

Measured recovery factors are shown in figure 8 plotted against
longitudinal distance from the nose. Results for models A, B, C, and D
are compared with the theories for laminar and turbulent flows, expressed

as Pry 1/2 and Pr 1/3, respectively, based on wall tempersture. These

theoretical lines represent an average value of Prandtl number for wall
temperatures between 600° R and 900° R. If the theoretical recovery
factor were presented for each station or wall temperature, the theoretical
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recovery factor would vary spproximately 1 percent from the average line
shown in figure 8. Recovery factors are presented for models A, B, C,
and D. Despite this epparent indication of the presence of laminar flow
on a recovery-factor basis, the heat-transfer data, as will be shown
later, compared favorably with the results for turbulent heat transfer
presented in reference 4. In addition, the Reynolds numbers for these
stations were of e magnitude that would indicate that turbulent flow

was present. As shown in figure 7, the stagnation temperature used in
calculating the recovery factor varied rapidly with time. Therefore,

. the selectlon of the exact times at which the skin-temperature peaks
occurred influenced the magnitude of the stagnation temperature used in
the equation for recovery factor. The absence of sharply defined peaks
in the curve for variation of skin temperature with time for some of the
models contributed substantlally to the scatter of the points shown in
figure 8.

Heat Transfer

Although the measured recovery factors cannot be accepted as being
the values characteristic of turbulent flow, the effect of small vari-
ations of recovery factor on the heat-transfer coefficient was small for
most of the data presented. This can be seen from figure 7, since the
heat-transfer potential used in calculating the coefficient was the dif-
ference in temperature between the wall and the adigbatic wall. A small
change in recovery factor would cause a small change in the adisbatic
wall temperature, and since the bulk of the data presented 1s for the
time when the temperature potential 1s great (i.e., when values of
Taw - T, are large), the effect of any variation in recovery factor on

the heat-transfer coefficient would be small. The f£flight data pertinent
to the heat-transfer measurements is presented in teble IT for all models.

Correlation T

Model A.- Aerodynamic heat-transfer data obtalned during the flight
test of model A is presented in figure 9(a). The heat-transfer data for
the six stations are correleted on a dimensionless basis of the Nusselt
number divided by the cube root of the Prandtl nmumber, expressed as a
function of Reynolds number. The alr propertles are . based on local flow
conditions Just outside the boundary layer. Correlation of previously
published heat-transfer data (ref. 4) from investigations conducted on
the REM-10 1s 1indicated by the dashed line shown in figure 9. Despite
the scatter apparent in the data, a new fairing of the data points for
all models tested (solid line) does not differ markedly from the old.

At high Reynolds numbers, the Mach number is also high and most of the
data points are lower than the correlation, which indicates a possible
reduction in heat transfer due to Mach number. It was impossible for

P
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. these test conditions to isolate an& of the variaebles affecting the
heat transfer such as Mach number, Reynolds number, and the heating

condition T, /T,.

Models B, C, and D.~ For clarity, models B, C, and D are shown in
figure 9(b); however, the faired curve for the data is that for all four
models. Heat transfer was measured at stations 85 and 117 for model B,
and the values are correlated in the figure on the same dimensionless
basis as was used for model A. The data are in agreement with the faired
line from this investigation. As the Reynolds number decreased during
the decelerating £flight, the data crosses the line, so that at the lower
Reynolds number for each station the heat transfer was higher than the
line. As with model A, the line can be used to predict skin temperatures
during the flight test with good accuracy.

The heat transfer for the 122-inch station on model C 1s presented
in figure 9(b). Date points are presented for both coasting portions
of the flight (flagged symbols are for first coast). The results indi-
cate a reduction in the heat transfer of approximstely 16 percent below
the faired line during the second coasting period, whereas the first-
coast results are approximately 10 percent higher than the faired line.

. Station 18 on model D yielded heat-transfer data during the first
coasting portion of its flight test which was epproximately 12 percent
higher than the faired line. During the second coast, the data correlsted
well with the line. It is of interest to note that the data taken at the
same Reynolds number differ for the first and second coasting periods
by approximately 20 percent for both models C and D. This suggests a
Mach number effect, as the Mach number for model C for which data are
presented varied from 1.43 to 1.1k for the first coast and 3.18 to 2.8
for the second coast. For model D the Mach nmumber varied from 1.46 to
1.04 during the first coast and from 3.4 to 2.36 for the second coast.
The ratio of Tw/Tv for both models 1s approximately 1.2 for the first

coast and 1.8 for the second coest. For this variation of T /T, the ,

theory of reference 11 predicts only a small change in heat-transfer
coefficient; however, the change corresponding to a Mach number change
from 1.2 to 3.0 according to this theory is approximately 16 percent,
which is in accord with the experimental results. Despite some possible
effects of pressure gradlent, it is felt that the significant change
between the data for the first and second coasts is due to Mach number.
A comparison of the skin temperature calculated from the faired line
wlth the measured skin temperature for a typical flight test is shown

in figure 10. The comparison is made for the flight conditions of station
125 of model A. The measured heat transfer for this station had approx-
imately a 10 percent deviation from the faired line, which is shown to
yield a maximum temperature difference of approximately 30° F. Within
the Mach number and Reynolds number range of the flight tests, therefore,

/’—,‘—"‘_*WM
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the faired line would be sufficilently accurate for determining the skin
temperature. It 1s felt that because these tests are for a higher Mach
number than those of reference 4, and hence for a greater Mach number
effect, the faired line of the data for this investigation would glve
more accurate heat-transfer coefficients over the Mach number range cov-
ered by these tests.

Correlation II

A theory for correlating the heat transfer in a compressible flow
was presented in reference 12 which expressed the heat transfer as a
funetion of Nusselt number, Reynolds number, Mach number, and surface
temperature. The Mach number and temperature effects were incorporated
in a factor ¥, which enables the theoretlcal heat transfer from a tur-
bulent boundary layer having a 1/7-power velocity profile to be expressed
by the equation

F X Nug = 0.0225R50+ 19

The length term used in the Nusselt and Reynolds numbers was the boundary-
layer thickness. Figure 11 presents the heat-transfer data for models A,
B, and C on this basis. Models B and C which were, respectively, models

5 and 3 of the tests reported in reference 13, had a boundary-layer total-
pressure rake located at stations 117 and 122, respectively, which ylelded
measured values of boundary-layer thickmess. The boundary-layer thickness
for statlon 125 on model A was obtalned from a flight test of a similar
model having the same trajectory. The boundary-layer thickness for sta-
tions 50, 68, 85, 100, and 110 on model A was determined by using
reference 14 to obtain the variation of momentum thickness with axial
distance, and relating the momentum thickness to the boundary-lsyer
thickness according to reference 15. The data for all models are in
agreement with the theoretical line. Because of the great amoumt of

work involved in obtaining the boundary-layer thickness, the comparison
with the theory 1s made only for the second coasting period.

In both methods of correlating the heat transfer, average scatter
is of the order of 10 percent, indicating no distinet advantage in either
correlation method. However, in calculating surface temperatures, the
method of figure 9 i1s decidedly easier than that of figure 11 beceuse of
the necessity of determining the boundary-layer thlckness in the latter
method.
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Reynolds Analogy

. The interrelationship between skin friction and heat transfer, as
expressed by the modified Reynolds anslogy of reference 16, can be shown
by the equation Cg = O.GCF for surfaces subjected to flows having a

Prandtl number of approximately 0.72. This equation was essentlially
constant over the Mach number range from M =0 to M =5. 1In con-
junction with the heat-transfer program, skin-friction measurements have
been made on six RM-10 bodies having approximately the same trajectory
as the heat-transfer models (ref. 13). The skin-friction measurements
were average values measured by means of a boundary-layer total-pressure
rake installed at the 125-inch station. Consequently, an experimental
comparison of the measured average skin friction and the average heat
transfer could be made by utilizing the modified Reynolds analogy stated
sbove to obtaln average skin-frictlon coefficients. Model A of the
current Investlgation had a sufficient longitudinal distribution of
local heat-transfer coefficient to enable the integration of the local
heat-transfer coefficient over the body surface area, thereby obtaining
an average value. The average skin friction was then calculated by the
modified Reynolds anslogy. The results are shown in figure 12 as
Cf/bfi, the ratio of the calculated average friction data of model A

€0 the incompressible average skin-friction coefficients given in refer-
ence 17. The solid lines represent the results of the skin-friction
investigation reported in reference 13, with each line corresponding

- T
to a particuler temperature condition as expressed by the ratio %QE—:jﬁf.
aw
Development of this heating parameter is discussed in reference 18. The

- Téw"Tw
value of the temperature parameter o for model A, based on
aw v :

flow conditions at the station corresponding to the average surface area
of the model, varied from 0.72 to -0.25. The heat-transfer data points
are seen to possess the same trend with heating condition as that estab-
lished by the solid lines, and in general are in good agreement with the
results from the skin-friction investigation. This agreement indicates
that the theoretical relationship of the Reynolds anslogy as presented

in reference 16 is in accordance with the experimental results.
CONCLUDING REMARKS

Experimental heat-transfer coefficients have been measured from
flight tests of four parabolic bodies of revolution (NACA RM-10). The
Mach numbers covered by the tests were from 1.0 to 3.6 and the Reynolds

numbers were 6 X lO6 to 150 X 106, based on axial distance from the nose
. to the stations where the skin temperature was measured.

= CoNEL LR
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The results indicate that although the measured recovery factors
were lower than the theoretical turbulent recovery factor, the faired
curve of the measured heat transfer agreed within 12 percent with the
previously determined turbulent heat-transfer measurements made on two
RM-10 models. These data, when correlated by use of a Nusselt, Prandtl,
and Reynolds number relation, agreed with a falred line with a mean
scatter of approximately 10 percent. The effect of this scatter on the
skin temperature was shown by a camparison of the measured and calculated
skin temperatures to yleld an agreement within 30° F at peak temperature.

It was indicated that the difference between the heat-transfer data
taken at approximately the same Reynolds number but at different Mach
nunmbers was due primarily to the effect of Mach number on the heat
transfer, rather than to the heating condition.

The heat-transfer data were also correlated with a theory by Donaldson
for heat tramsfer in a compressible flow which utilized the boundary-
layer thickness as the characteristic length in the Reynolds number and
Nusselt number (NACA RM L52HO4). The measured heat transfer had a mean
scatter of approximately 10 percent from the theory.

The relation of heat transfer to skin friction was experimentally
found to agree with the theoretical relationship established by Rubesin
(naca T 2917), which stated that the Stanton number was equal to 0.6
of the skin-friction coefficient.

Langley Aeronsutical Laboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va., December 13, 1954._
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TABLE I.- SKIN THICKNESS AND LOCATTOﬁ OoF

MEASUREMENT STATTONS

Station Skin thickness,
Model in. in.
D 18 0.0845
A 50 .0906
A 68 .0906
A 85 .0906
B 85 .098
A 100 .084
A 110 .084
B 117 L10%
C 122 .092
A 125 .084

—— e e
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Figure l.- General configuration of fhe NACA RM-10 model. Body profile
equation, Y = 6.000 - 0.0007407%c. Station numbers denote axial
distance from nose in inches. Dimenslione ere in inches.
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Figure 2.~ Imternal construction of the NACA RM-10 model.
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Figure 3.- Photograph of model and booster configuration. L"7)+852
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Figure 4.~ Variation of the Reynolds number per foot with Mach number,
obtained during four flight tests of a Parabolic body of revolution
(NACA RM-10).
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Figure 5.~ Thermodynamlc properties of air (ref. 9).
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Figure 6.- Bpecific heat of megnesium.
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Figure T.- Typical time history of stagnation, adigbatic, . and skin
temperstures obtained from a flight test of a parabolic body of

revolution (NACA RM-10).
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Figure 8.- Memsured recovery factors cbtalned during flight tests.
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Figure 9.- Correletion of heat transfer from four flight tests.
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| Figure 10.- Camparison of meesured skin temperature with skin temperature
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Figure 11.- Heat-transfer data obtained from flight tests A, B, and C
and correlated with theory of reference 12.
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Figure 12.- Comparison of average skin friction calculated from modified.
Reynolds analogy with measured average skin friction.
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